In this research study a low carbon steel with composition of Cϭ0.11 %; Mnϭ1.30 %; Crϭ0.45 %; Siϭ0.20 %; Alϭ0.03 % and Feϭbal. was cast and used in hot rolled condition. After intercritical annealing at different temperatures for different times, dual phase structures with various volume fraction of martensite were produced. Then the volume fraction of martensite for different samples were measured.
Introduction
The microstructure of dual phase steels contains ferrite and martensite phases. [1] [2] [3] This microstructure increases the strength of sheet steels significantly while their ductility and formability remain intact. [2] [3] [4] [5] By intercritical annealing of low carbon steels, a two-phase structure of ferriteaustenite forms, in which the austenite phase transforms to martensite through quenching the steel from intercritical annealing temperature in water. In other words, during intercritical annealing transformation of ferrite to austenite is not completed, and some of ferrite remains next to the newly formed austenite. This means that increasing time at annealing temperature increases the volume fraction of austenite to final volume fraction in equilibrium with ferrite at any given temperature.
Because of the role of martensite phase in mechanical properties of dual phase steels, the kinetics of austenite formation during intercritical annealing is most critical and is studied by many researchers. [7] [8] [9] [10] [11] [12] [13] [14] [15] It was shown that formation austenite in dual phase steels is a diffusion-controlled growth 8, 9) and some of researchers proposed that [16] [17] [18] the empirical equation of Johnson-Mehl-Avrami (JMA) with Kolmogorov modification (JMAK) can be used for austenite transformation during intercritical annealing. The modified version of JMA model is as follows 19, 20) : where f g is austenite volume fraction, t is annealing time, n is Avrami's exponent and k is the rate constant. Avrami's exponent is constant while the rate constant is a function of temperature. It was shown that k is a temperature dependent parameter related to growth rate, nucleation frequency and a shape factor, and n depends on nature of nucleation and growth processes 21) and was shown that, in addition to morphology, the rate of nucleation has a significant effect on the value of n. In addition, dependency of k to growth rate and n to nucleation rate more observed. 22) According to different kinetics models, in Johnson-Mehl equation, exponent n vary from 0.5 to 4.
23) The kinetics of austenitization of ferritic nodular cast iron described by the Johnson-Mehl-AvramiKolmogorov (JMAK) model 24) showed that the values of parameter n changes in a relatively wide range from 0.6 to 1.3. For austenite formation in maraging steel studied by using equation of Johnson-Mehl-Avrami, 25 ) the Avrami's exponent was determined as nϭ0.97. Kirkaldy 26, 27) analyzed the effect of chemical composition on the isothermal transformation time and found that C, Mn, Si, Cr, Ni and Mo can prolong the incubation time. The effects of C and Cr increase the diffusion resistance and therefore decrease driving force. The effects of Mn are related to the decrease of driving force only because it does not strongly partition.
For the cooling transformation of austenite, the only important structural parameter is the austenite grain size, and its effect is restricted to the nucleation rate. In the austenite formation, the type of carbide particles, its shape and state of dispersion are capable of making a considerable influence, not only on the nucleation rate but also on the growth rate. 22) In the present investigation, the validity of JMAK model is criticized, by measuring the martensite volume fraction produced by quenching of annealed samples in different times and temperatures and a new kinetic equation for austenite transformation during intercritical annealing is presented.
Experimental Procedure
The steel with composition of Fe-0.11%C-0.14%Si-1.30%Mn-0.45%Cr-0.03%Al has been cast in sand mold in vertical position. The 200ϫ40ϫ16 mm slabs have been hot rolled at 1 200°C to thickness 1.8 mm, homogenized at 950°C for 1 h and normalized at 900°C for 15 min.
To study the effect of time and temperature of intercritical annealing on the rate of formation of austenite, the normalized samples were heat treated at different temperatures and for different times. For intercritical annealing an electric resistant furnace in constant temperatures was used. Heating rate of samples was about 300°C/s. To select the proper temperature for annealing, Ac 1 and Ac 3 temperatures for the steel were calculated using Eqs. (2) and it is found that Ac 1 ϭ721°C and Ac 3 ϭ849°C. Then five different temperatures were selected in between Ac 1 and Ac 3 , i.e. 730°C, 760°C, 790°C, 820°C and 850°C. The holding times were selected to be between 5 and 1 800 s according to literatures, 9, 10) and the samples were finally quenched in water. The microstructures of samples were studied by optical and scanning electron microscopy. Martensite volume fraction measured by point counting method based on ASTM E562-83 standard.
Results
Quantitative measurements showed that pearlite percent in this steel in as cast and normalized samples is about 16 % and average grain size of ferrite is about 18 mm. Microstructural observation showed that intercritical annealing and quenching create a ferritic-martensitic structure. Micrographs of two dual phase structures that form at two different temperatures are shown in Figs. 1(a) and 1(b). Figure  1 (a) is related to annealed sample at 730°C for 120 s and then quenched in water, while Fig. 1(b) shows the microstructure of annealed sample at 760°C for 120 s and then quenched in water. Quantitative measurements showed that annealing at 730°C for 120 s resulted in formation of 16 % martensite, while the martensite content of annealed sample at 760°C for the same time was 31 %. Figure 2 shows SEM micrograph of the steel after intercritical annealing at 730°C for only 30 s. In addition to ferrite phase, some amount of martensite and not transformed pearlite can be seen in this micrograph. quenched samples after intercritical annealing at 790°C for different times. Figure 3(a) shows the microstructure of quenched sample after annealing for 60 s. This microstructure contains 48 % martensite. The microstructure related to annealed sample at 790°C for 120 s is shown in Fig. 3(b) . The volume fraction of martensite in this case is 54 %. The last picture (Fig. 3(c) ) is for annealing time of 300 s, and shows that the volume fraction of martensite is increased to 63 %. For annealing time more than 300 s, at 790°C it was seen no increase in the volume fraction of martensite. Figure 4 shows fully martensitic structure that produced after quenching from 850°C. The holding time in this temperature was 60 s.
If it is considered that all austenite can transform to martensite, by quenching annealed samples in water, then it can be assumed that martensite volume fraction ( f m ) equals to austenite volume fraction ( f g ). Then it is possible to use micrographs to obtain volume fraction of austenite formed at annealing temperatures at different times. The results of measuring the volume fraction of martensite (or austenite) as a function of annealing temperature and time are shown in Fig. 5 . It can be seen that by increasing annealing temperature and time, the volume fraction of austenite increases. Variation of volume fraction of austenite with time for all temperatures follows the same pattern. Also it can be seen that the volume fraction of austenite at all temperatures reaches to a constant value after a certain time, which this time decreases with increasing temperature.
Discussion
During intercritical annealing, austenite forms in two steps. The first step is transformation of pearlite to austenite and then the second step is dissolution of ferrite in the newly formed austenite. 8) After annealing at 730°C for 120 s amount of austenite was 16 % (Fig. 1(a) ), which is result of pearlite transformation. On the other hand, increasing temperature by amount of 30°C for the same annealing time (120 s) causes increasing martensite content by 15 % (Fig. 1(b) ). It means that increasing temperature causes some amount of dissolution of ferrite in the austenite takes place (step two). Although transformation of pearlite occurs rapidly, 8) but SEM micrograph (Fig. 2) showed that 30 s at 730°C is not sufficient for complete dissolution of pearlite. Therefore, more time or higher temperature is needed for first step to be completed.
The microstructure of annealed samples at 850°C for times less than 60 s consists of martensite and ferrite. Thus at this temperature after 60 s, the second step of austenite formation, which is austenite growth within ferrite can be completed. By comparing resulted microstructures after annealing at 790°C and at 850°C for different times, it can be concluded that the rate of second step of austenite formation depends highly on temperature. By advancing dissolution of ferrite in the austenite, carbon content of austenite decreases and this can affect both martensite start temperature and martensite hardness.
1)
Some investigators [16] [17] [18] use the modified version of JMA model (Eq. (1)) to calculate volume fraction of austenite at different times. But the problem with this model is that by going time to the infinity volume fraction of austenite becomes one, while by annealing dual phase steels at intercritical temperature, the austenite volume percent never reaches 100 in the microstructure, as it is shown in 5) In Fig. 6 ln ln ( f e /( f e Ϫf g )) versus ln t for different annealing temperature is indicated. In all cases ln ln f e /( f e Ϫf g )-ln t relationship can be represented by straight lines which are interpolated by using least square regression. The slopes of these lines are Avrami's exponent (n) and their intercept with ln ln ( f e /(f e Ϫf g )) axis are ln k. The measured values of f e and calculated values of Avrami's exponent and rate constant for different annealing temperatures are given in Table 1 . Equilibrium volume fraction of austenite ( f e ) as a function of annealing temperature is shown in Fig. 7 . It can be seen that f e is linearly increased with annealing temperature. Using measured values of f e and calculated values of n and k, f g can be obtained at every annealing temperature and time through new model (Eq. (4) experimental data (distinct points).
To show the validity of the proposed model, the results of the model are compared with three sets of experimental data. 8, 29, 30) This comparison is shown in Fig. 9 , and it can be seen that the results of this model at 740°C, in spite of different compositions and history processing, are very close to the experimental data. Also this comparison shows the validity of values of n and k in Eq. (4) to predict the results in other conditions rather than the present study ones. The austenite transformation behavior affected by grain size of steel, 31) therefore in both Souza's 30) and the present work were done in a finer grained material which gave rise to faster transformation than Speich's 8) and Estay's 29) experiments that the mean ferritic diameter is about 20 mm.
In this study, values of n at different temperatures are between 0.7-0.9, which can be concluded that the value of n, at least for the current process, is not function of temperature. J. Lis and A. Lis 32) studied the kinetics of austenite formation during intercritical annealing of 0.047C-3.97Mn-0.17Ni steel with Ac 1 ϭ647°C and Ac 3 ϭ850°C. The kinetics of a→g phase transformation were described by Johnson-Mehl-Avrami equation and with nϭ1. At 700°C, the value of k, were determined as 12ϫ10
Ϫ4
. Values of n in kinetic law fϭ1Ϫexp(Ϫkt n ) in diffusioncontrolled growth are between 0.5-2.5. 33) If nucleation rate decrease, the value of n decrease about 1. In intercritical annealing, there is a diffusion-controlled growth, 8, 9) and nucleation rate decreases. There are two independent effects leading to a decrease in nucleation rate as the austenitizing time is increased. One of these is the increase in austenite grain size and the other is the removal of carbide particles. 22 ) Therefore, it is expected that values of n decrease below 1. Also in dual phase steels, austenite nucleate and grow at grain boundaries of ferrite and as was shown 22) nucleation grain boundary decreases value of n. Therefore, kinetics behavior in formation austenite is completely different from austenite transformation to ferrite and pearlite, where value of n changes between 2 34) and 3.
35)
It can also be extracted extra information from rate constant. It is well accepted that the rate constant, k, changes exponentially with temperature (Arrhenius equation). In other words, it can be written: (6) where A is a constant depends on the system, Q is activation energy, R is the gas constant and T is annealing temperature (in Kelvin). The Eq. (6) sion line is shown in Fig. 10 . Again it can be seen a very good agreement between experimental and calculated values. The slope of the shown line is ϪQ/R, which gives activation energy as 83 086 J, and intercept of the line with ln k axis when 1/T approaches zero is the A constant, which can be obtained as 713.55. Value of k in kinetic law is dependent on nucleation rate and more on growth rate of reaction. The number of nuclei formed per unit volume apparently decreases with temperature, although the growth rate and driving force is increasing. 22) As temperature increases, the value of k increases and therefore reaction rate increases.
The kinetics of the a→g phase transformation during heating of the 1045 steel weld, modeled using JohnsonMehl-Avrami analysis. 36) The results yielded kinetic parameters for the JMA prediction of the transformation as nϭ0.82, which is very close to value obtained in the present study, and ln Aϭ12.3, with an activation energy of Qϭ117.1 kJ/mol. However, it should be noted that austenite kinetics is affected by different parameters and extracted values are empirical.
Conclusion
In this investigation, relationship between heat treatment parameters and kinetics of austenite formation in dual phase steel was studied, and following conclusions were obtained:
(1) It was observed that increasing time at a certain intercritical annealing temperature increases austenite volume fraction, until its equilibrium one, after which the volume fraction of austenite does not change with time.
(2) The equilibrium volume fraction of austenite increases with increasing intercritical annealing temperature. For the studied steel annealing at 850°C will result in 100 % austenite after less than 100 s residing time.
(3) A new modified version of JMA model as f g /f e ϭ 1Ϫexp(Ϫkt n ) was suggested which shows relationship between austenite (martensite) volume fraction and intercritical annealing time at different temperatures. After time reached to equilibrium one, austenite volume fraction, f g , is reached to its equilibrium value, f e .
(4) Arrhenius equation of kϭ713.55 exp(Ϫ83 086/RT) represents relationship between the rate constant, k, and temperature, where increasing temperatures increases k.
